The hypothesis tested in this study was that despite the presence of severe postischemic myocardial dysfunction ("stunning") 
myocardial uptake of thallium 201 after intravenous injection is directly proportional to nutrient coronary blood flow and the myocardial extraction fraction for 2tlTl. [1] [2] [3] [4] In the presence of irreversible myocardial injury, the intracellular transport and concentration of 2`tTl is markedly impaired.56 There are, however, scant data in the literature concerning what alterations, if any, are in myocardial 20`TI uptake or clearance kinetics in "stunned" myocardium, which is characterized by reversible severe postischemic systolic dysfunction. This is of significant clinical relevance because 201T1 rest imaging is often used to differentiate viable from necrotic myocardium. If 201T1 transport kinetics were reversibly altered in stunned myocardium, 201T1 imaging would tend to underestimate the degree of viability in regions of myocardial asynergy.
In recent years, evidence has accumulated demonstrating that under various experimental conditions and in certain clinical situations, postischemic myocardial dysfunction (stunning) can occur.7 Severe and prolonged regional systolic dysfunction despite restoration of coronary blood flow has been observed. The precise pathophysiology of the stunning phenomenon is not entirely understood. Mechanisms proposed have included impairment of myocardial energy production,8 disruption or inefficient transfer of energy into myocyte contraction,9'0 injury to the contractile proteins, "functional sympathectomy" that is secondary to ischemic damage to sympathetic nerves," impaired sarcolemmal Na+,K+-ATPase activity,12 altered calcium sensitivity at the myofilament level,13 calcium overload,14"15 microvascular capillary obstruction by neutrophils or platelet aggregates,16"17 ischemic damage to the extracellular collagen matrix,18 and detrimental effects of oxygen free radicals liberated during reperfusion, which can cause membrane lipid peroxidation and inactivation of enzymes.19 '20 Clinically, myocardial stunning probably occurs after reperfusion in acute myocardial infarction because regional and global left ventricular function demonstrate delayed improvement, during days or weeks after flow restoration.21 Stunning might also be manifested in some patients with unstable angina22 who experience repeated episodes of coronary flow decrement secondary to coronary vasospasm or intermittent luminal obstruction by platelet thrombi. Postischemic dysfunction can also be manifested for prolonged periods after termination of exercise testing in patients with coronary artery disease. 23 It can be important in clinical decision-making to be able to identify severe regional myocardial asynergy due to stunning of the myocardium and to distinguish this state from irreversible cellular injury. This would be particularly relevant when a high-grade coronary stenosis is detected in the epicardial coronary artery perfusing an asynergic zone. Because it has been shown experimentally that ischemic dysfunction can be improved by enhancing coronary flow in such a situation,24,25 it would be beneficial to determine the prospect of such reversibility by a conventional noninvasive technique that could identify intact cellular function despite the presence of severe resting asynergy. Because 201T1 requires energy availability for active intracellular transport and intact sarcolemmal membrane function, we investigated the potential alterations in 201T1 uptake and washout kinetics in a canine model of stunned myocardium. The hypothesis tested was that despite the presence of severe postischemic systolic dysfunction induced by the stunning protocol, the first-pass extraction and subsequent intracellular washout of 20'1f should remain intact as along as irreversible cellular injury was avoided.
Methods

Animal Preparation
Forty-five fasted adult mongrel dogs (20-30 kg) The microsphere suspension was injected as a bolus during 5-10 seconds into the left atrium followed by 0.9% saline flush with continuous monitoring of arterial pressure, coronary blood flow, distal coronary pressure, and heart rate. Duplicate timed withdrawals from the two femoral artery catheters were begun 10-15 seconds before the microsphere injection and continued for a total of 90 seconds. Blood samples from each withdrawal were divided among three or four tubes.
At the end of the experiment, the dog was killed by induction of ventricular fibrillation preceded by injection of monastral blue into the left atrium. The left ventricle and septum were dissected free of epicardial fat and vessels and divided into four rings from apex to base. Each ring was divided into eight segments that were further subdivided into epicardial, midwall, and endocardial sections. Segments within the LAD perfusion zone distal to the critical stenosis were easily demarcated by the absence of blue discoloration as a result of total occlusion of the LAD at the previously placed stenosis just before injection of monastral blue. Samples were weighed and counted with duplicate withdrawals and pure isotope samples for 500 seconds in a Packard Gamma Autoscintillation counter. A multichannel analyzer was used with the following windows: 46Sc, 740-1,300 KeV; 95Nb, 650-818 KeV; 103Ru, 450-570 KeV; and 3Sn, 340-440 KeV. Myocardial blood flow was calculated by the following equation: Qm=(Cmx 100 Qr)/Cr, where Qm is myocardial blood flow (ml/min), Cm is tissue counts (counts/min), Qr is withdrawal rate of arterial samples (ml/min), and Cr is counts in a reference arterial sample. Flow per gram of myocardium was calculated by dividing blood flow by the sample weight. Separation of isotopes and myocardial blood flow calculations were computer-calculated by the method of Heymann et al. 32 With this method, counts per minute recorded in each window from myocardial and reference blood samples were corrected for background activity and spill contributed by isotopes outside the window. 201T1 activity in myocardial tissue samples was counted in the 50-100-KeV window. Samples were held for 2 weeks before counting to avoid excessive spill into microsphere windows as a result of the high 201T1 activity.
Myocardial segments selected for determination of regional blood flow in the area perfused by the LAD were located at least 0.5-1.0 cm within margins denoted by blue discoloration to avoid significant interdigitation of normal myocardium at the border region.
Histochemical Staining
Representative myocardial rings, including the area of echocardiographically denoted dysfunction, were incubated in triphenyl tetrazolium chloride (TTC) dissolved in 3% Sorensen's buffer at 380 C for 20 minutes. In no dog was an area of necrosis observed.
Myocardial Extraction Fraction of 201T1
The method for determining the first-pass extraction fraction for 201T1 has previously been reported33 and represents a modification of the double-isotope method of Weich et al. 434 Extraction fraction was determined in 13 dogs in the stunned group and six dogs in the control group. A Harvard infusion pump (Harvard Apparatus) was attached to the coronary sinus catheter and adjusted to withdraw blood at a rate of 4 mllmin. An isotope mixture containing [5] [6] [7] [8] [9] [10] ,tCi 1251-albumin and 20-30 ,Ci 201TI/ml saline was prepared and diluted into approximately 18-20 ml saline. Aliquots of incremental volume were subsequently administered directly into the LAD perfusion bed through the distal LAD catheter. Identical aliquots were placed in individual plastic tubes as reference samples. Incremental volumes of the double isotope mixture were used to compensate for accumulation of background activity in the blood. Accordingly, the initial injectate volume of 0.4 ml administered at baseline was followed by volumes of 0.8, 1.22, 1.6, 2.0, and 2.4 ml, corresponding to times denoted on the protocol. Extraction fractions were determined after placement of the critical stenosis, during reperfusion 5, during reperfusion 10, and 40 minutes after reperfusion 10. Control dogs received identical volumes of injectant at comparable times with only the LAD stenosis in place.
Blood was withdrawn from the coronary sinus for 5 seconds before injection of the isotope mixture and continued while the isotope mixture was administered through the intracoronary catheter during a 10-second period. The catheter was flushed with 3 ml saline. Coronary sinus blood was withdrawn for entire sample was then transferred into preweighed plastic tubes for analysis. The collected samples were weighed and counted in a gamma well counter (model 9601, Packard Gamma Autoscintillation Spectrometer). This method for measuring extraction fraction is not influenced by some venous admixture from the left circumflex bed, occurring with coronary sinus sampling. Extraction fraction is determined by comparing the ratio of a nonextractable tracer (albumin) to an extractable tracer (20MT1) before and after passage of the mixture through the coronary capillary bed. The venous sample must include venous drainage from the LAD bed but can be diluted by an unknown amount of venous drainage from the noninjected left circumflex bed without affecting the result. This happens because the same venous dilution factor will appear in both numerator and denominator and will be canceled in the result.
Measurement of Intrinsic 201T1 Washout Rate
The intrinsic washout rate of 20`TI was determined after direct intracoronary injection of the radionuclide as previously described. 33 
Statistical Methods
All computations were performed on a VAX computer. Data are expressed as mean±SEM. Baseline, occlusion, and reperfusion data were compared in control and stunned dogs by using a pooled t test, and differences were considered significant when p values were less than 0.05 (two sided). Different stages of the protocol in the same group were compared with one-way analysis of variance, and differences between stages were compared with the NewmanKeuls method, which is imbedded within the analysis of variance. Differences were considered significant when p values were less than 0.05.
Results
Excluded Dogs
Of 45 experiments conducted, 14 dogs were excluded. Ten died from refractory ventricular fibrillation at various times after placement of the critical stenosis or during the reperfusion periods after the transient coronary occlusions in the stunned protocol. In three dogs, significant wall motion abnormalities within the LAD zone were documented by the echocardiographic technique after either completion of the surgical preparation or placement of the critical stenosis. These dogs were excluded because regional ischemia might have resulted from the surgical preparation or instrumentation before the measurement of baseline values. Another dog was excluded because of excessive bleeding around the LAD dissection site after insertion of the distal LAD catheter.
Hemodynamic Data
Hemodynamic data were available for all 31 dogs included in subsequent analyses. As shown in Figure  1 , heart rate and systemic arterial blood pressure were comparable in control and stunned dogs throughout the experimental protocol. After placement of the LAD stenosis, stenosis gradient was similar in both groups of dogs (stunned, 47+4 mm Hg; control, 49+6 mm Hg; p=NS). As shown in Figure 1 , the mean distal LAD pressure was maintained constant throughout the experimental protocol in both groups of dogs with the exception being during the transient periods of LAD occlusion in the stunned dogs. When the LAD was totally occluded, the distal pressure fell significantly in the stunned dogs to a mean of 28±2 mm Hg. In stunned dogs, the LAD EMF flow (from electromagnetic flowmeter) was 34 ml/min compared with 35 ml/min in control dogs. After creation of the stenosis, flow was reduced to 24 ml/min in both groups. Myocardial Thickening Figure 2 shows the serial changes of percentage of myocardial thickening in the LAD perfusion zone in stunned (n=18) and control (n=12) dogs during the experimental protocol. Creation of the stenosis resulted in a slight but not statistically significant diminution in systolic thickening in both groups of dogs. In control dogs, systolic thickening remained constant throughout the experimental protocol. In contrast, regional systolic thickening significantly diminished with serial LAD occlusions in the stunned dogs. During reperfusion 5 after the fifth LAD occlusion, systolic thickening was decreased to 6.7+3.4% in the stunned dogs compared with systolic thickening in the LAD zone in the control dogs of 33.4+3.1% (p<0.001), at a comparable time. The decrease in regional systolic thickening was progressive, and 40 minutes after the 10th reflow period, systolic thickening in the LAD zone was markedly reduced to 0.4±2.4% in the stunned dogs compared with thickening of the LAD zone in the control dogs, which was 32.5±2.2% (p<0.001), at a comparable time. Even 40 minutes after the 10th reflow (R-1OE in Figure 2 ), systolic function was still markedly depressed. Regional Myocardial Blood Flow Figure 3 summarizes the regional myocardial blood flow results from control (n=11) and stunned (n= 12) dogs in the endocardial layers of the LAD and left circumflex perfusion zones. Regional flow was not measured at baseline before creation of the LAD stenosis. Nonischemic flow in the left circumflex zone was comparable in control and stunned dogs throughout the experimental protocol. During LAD occlusion 5, flow was reduced in the endocardium to 0.18±0.05 ml/min/g, reflecting the severity of ischemia. At the end of the experiment, 40 minutes after the 10th reperfusion, endocardial blood flow (ml/min/g) was still similar in stunned (0.71±0.09) and control (0.75± 0.07) dogs at the same time, and was not significantly different from flows initially measured after creation of the stenosis. There was no evidence of "no-reflow" in dogs undergoing myocardial stunning.
First-Pass Myocardial Extraction Fraction of 202Tl
The first-pass extraction fractions for 20`TI at the specified times in the protocol are summarized in Figure 4 . The extraction fractions were similar for six control and 13 stunned dogs each of the five times measured. With the stenosis in place, the first-pass 201T1 extraction fraction was 0.83±0.01 for stunned Figure 5 . Note that the configuration of the intrinsic washout curves is similar in both dogs, demonstrating an early rapid component followed by a later slow component. Figure 6 shows the mean washout rates Studies in isolated heart and intact animal preparations have shown little or no effect of profound hypoxia at constant flow on myocardial 201T1 extraction.6'35-37 Goldhaber et al,6 using a fetal mouse heart preparation in organ culture that does not depend on blood flow to provide metabolic substrate, found that deprivation of oxygen and oxidizable substrate with 1 hour of perfusion with 95% N2-5% CO2 resulted in no reduction in myocardial 201T1 content. Reduction in myocardial 201T1 content in this preparation was monotonically related to the extent of myocardial necrosis as measured by lactic dehydrogenase release. In an isovolumic isolated rabbit heart preparation, Leppo37 showed that extraction of 201T1 was not affected by hypoxia at constant flow. In intact dogs, Weich et a14 demonstrated only a slight reduction in myocardial extraction fraction for 20`TI with a 30-minute period of sustained hypoxia where the Po2 was reduced to 30 mm Hg. Mean coronary blood flow increased by 70%, and the diminished extraction might have been secondary to the higher flow. It has been well demonstrated that the first-pass myocardial extraction for 201Tl, as well as for other monovalent cations, is reduced when flow is significantly increased above the physiological range. 38 Krivokapich 
Experimental Model for Myocardial Stunning
The dog model used for myocardial stunning in this study was similar to the one described by Nicklas et al.26 In that model, reperfusion was instituted by totally releasing the serial 5-minute coronary occlusions through a patent vessel rather than through a persistent stenosis as undertaken in our study. They showed that when the LAD was occluded for 5 minutes, followed by 10 
Conclusion
We have demonstrated normal myocardial 201T1 extraction and 20MT1 washout kinetics in a canine model characterized by severe postischemic dysfunction despite restoration of regional myocardial blood to baseline levels. These findings can have important clinical implications concerning the application of rest 201T1 scintigraphy for evaluation of perfusion and viability in patients with severe coronary artery disease and regional myocardial asynergy that is ultimately reversible.
